Spontaneous reporting systems have been designed for passive surveillance, such as the US Food and Drug Administration Adverse Event Reporting System (FAERS), which is a database that supports the US Food and Drug Administration postmarketing safety surveillance for approved drugs. Spontaneous reporting systems collect voluntarily submitted reports of adverse events and records of drug use by patients; therefore, the exposure of certain populations to specific drugs is unknown. Although several statistical methods have been proposed for detecting indicators of highly disproportionate reporting rates of a specific drugevent combination, 6 these methods investigated relative reporting rates, but not relative risk.
To better understand postmarketing drug safety, electronic healthcare records have been an important source of active surveillance, and these records contain detailed clinical information such as demographic characteristics of insured individuals, diagnosis, prescription, hospitalization, and medical expenditure. Data obtained from electronic healthcare records have been utilized to conduct formal drug safety studies. 7 In the big data era, pharmacoepidemiological research has combined information from multiple sources of administrative claims databases for postmarketing drug safety surveillance. 8 However, few studies have integrated the use of spontaneous reporting systems and electronic healthcare records in drug safety research. Based on spontaneous reporting systems with case-only information, descriptive case series can be applied, 9 but it is difficult to determine whether the risk of an adverse events among users of a specific drug is higher than that among nonusers. Case-only study designs have been shown to be powerful tools for assessing the possible interactions that cause diseases under certain assumptions for independence between 2 variables of interest in a population. [10] [11] [12] Moreover, this study design has been applied to explore the gene-medication interaction for pharmacogenetic research. 13 Hence, spontaneous reporting systems are a potential source for detecting interactions between individuals' characteristics and medications. The present study proposes a novel case-only design as a potential approach to detect host-medication interactions in the pharmacoepidemiological field with 2 phases: a mining phase in a spontaneous reporting system and a validation phase in an electronic healthcare database. The motivation behind the present study is the cardiovascular safety of antidiabetic drugs.
14 Among patients with diabetes mellitus, cardiovascular disease is the leading cause of morbidity and mortality. However, hypoglycemic drugs do not definitively reduce adverse cardiovascular events. [15] [16] [17] [18] In addition to glycemic efficacy, cardiovascular safety is a critical determinant in preapproval of hypoglycemic drug trials and postmarketing surveillance. The sex difference in the cardiovascular safety of hypoglycemic drugs has been poorly studied, although sex differences for cardiovascular disease incidence and risk factors have been well noted. [19] [20] [21] In this study, we integrated information from spontaneous reporting systems and electronic healthcare records to explore sex differences in oral antidiabetic drug-associated myocardial infarction. Interaction between sex and the use of oral antidiabetic drugs was first detected in the FAERS and then validated in Taiwan's National Health Insurance Research Database (NHIRD).
Methods
Analytical methods have been made available to other researchers. The FAERS data are available to the public at the US Food and Drug Administration website. The NHIRD used in this study is held by the Taiwan Ministry of Health and Welfare. The Ministry of Health and Welfare approved our application to access these data. Any researcher interested in accessing the data set can submit an application form to the Ministry of Health and Welfare requesting access.
Mining Phase: Detection of Interaction in Spontaneous Reporting Systems
Interaction between sex and use of oral antidiabetic drugs were mined among patients with myocardial infarction in the FAERS from 2004 to 2014. The Standardized Medical Dictionary for Regulatory Activities (MedDRA; version 18.0) Queries (SMQs) index was used to identify myocardial infarction-related events (see Data S1 for the included search terms). A total of 55 718 males and 42 428 females were selected.
Clinical Perspective
What Is New?
• In the US Food and Drug Administration Adverse Event Reporting System, case-only analyses showed that males have a higher risk of metformin-and sulfonylureasassociated myocardial infarction than females, and these findings were validated in Taiwan's healthcare database analyses.
What Are the Clinical Implications?
• Spontaneous reporting systems could be a potential tool for screening host-medication interactions.
• These findings from the host-medication studies could provide scientific evidence for precision medicine.
• Sex-drug interactions are a key issue in diabetes mellitus treatment plan development.
Oral antidiabetic medications were categorized into: metformin (biguanide), sulfonylureas, alpha-glucosidase inhibitors (AGIs), thiazolidinediones, meglitinides, and dipeptidyl peptidase-4 (DPP-4) inhibitors. Rosiglitazone, a thiazolidinedione agent, has been shown to increase the risk of myocardial infarction in a meta-analysis, 22 and hence rosiglitazone and pioglitazone, another thiazolidinedione agent, were separately considered. Based on the information for drugs reportedly used by patients, we mapped drug use to 28 disease categories (including cardiac diseases, hypertension, coronary/peripheral vascular diseases, diabetes mellitus, hyperlipidemia, thyroid disorders, asthma, tuberculosis, cystic fibrosis, gastric acid disorder, inflammatory bowel disease, liver failure, renal disease, endstage renal disease, epilepsy, Parkinson's disease, anxiety and tension, depression, psychotic illnesses, bipolar disorder, malignancies, pain, rheumatoid arthritis, pain and inflammation, gout, transplant, glaucoma, and HIV) according to the Anatomical Therapeutic Chemical classification system 23 and calculated the chronic disease score (CDS), a summary score of 28 pharmacybased disease categories, as an index for chronic illness. The CDS was calculated using the following equation: CDS=∑ 28 diseases w i 9D i , where w i indicated the weight for the CDS disease category i, and D i was equal to 1 if the drug of the ith disease category was dispensed (otherwise D i was set to 0). 24 The 28 disease categories and corresponding weights are shown in Table S1 . Based on a previous study, predictive performance for the subsequent-year hospitalization of the pharmacy-based comorbidity measure was better than that of diagnosis-based measures. 23 The CDS was then adjusted in the association test.
Risk factors of myocardial infarction may not be adequately approached by the CDS; hence, in the sensitivity analysis, we used pharmacy-based disease categories by step-wise selection, rather than the summary CDS, in the regression model to test the robustness of our analysis.
Modeling any variable as a function of another in a case-only analysis gives the estimate of the interaction between these 2 variables. The case-only estimate of the multiplicative interaction between sex and drug was obtained by fitting a logistic regression model while adjusting for covariates 25 : logit p (Sex=male)=a+b9Drug+h9Covariates, when the drug variable and covariates are categorical or continuous (see Data S2 and Table S2 for a detailed description of the methodology and assumptions for detecting interactions in a case-only study). The adjusted case-only odds ratio (OR) was calculated by exp (b). If the estimated OR was significantly larger than 1, than the reported drug-associated adverse events had higher odds of being observed in males than in females.
Validation Phase in the Healthcare Database
The validation study utilized the NHIRD derived from Taiwan's single-payer compulsory National Health Insurance program, which covers up to 99% of the 23 million Taiwanese population. We applied a nested case-control study design within a diabetes mellitus cohort, defined by the use of antidiabetic drugs, to validate the interaction between sex and an indicated drug. The study was approved by the Internal Review Board of Human Studies of China Medical University Hospital. The requirement for informed consent was waived.
We assembled a cohort of new antidiabetic drug users from 2001 to 2014. The date of the first use of the antidiabetic drug was the cohort entry date. Inclusion criteria were as follows: (1) For each case diagnosed with acute myocardial infarction (ICD-9-CM code: 410.x), we randomly selected 4 controls who did not have acute myocardial infarction at the time of the case diagnosis and who were individually matched by sex, age within a 2-year difference, and the calendar year of the cohort entry date. In total, 31 585 cases and 126 340 controls were included in this study.
Specific oral antidiabetic medications, including metformin, sulfonylureas, AGIs, thiazolidinediones, meglitinides, and DPP-4 inhibitors, for each subject before the index date of acute myocardial infarction were identified. Pattern of use was categorized as current use (a prescription termination date within 30 days before the index day) and noncurrent use.
We conducted a conditional logistic regression analysis of acute myocardial infarction on oral antidiabetic medication with adjustment for the pharmacy-based CDS, insulin use, and other oral antidiabetic drug use. Interaction terms between sex and oral antidiabetic drugs were included in the model to explore the sex difference in drug-associated acute myocardial infarction. Sensitivity analysis with adjustment for pharmacy-based disease categories was also performed.
To be consistent with signal detection phase, we did not exclude ad initio the insulin users. In addition, use of insulin reflects severity, hence including insulin users could increase generalizability. In order to study the pure effect of an oral antidiabetic drug on myocardial infarction, we restricted the study samples to noninsulin users. Individuals in the control group were matched with those in the myocardial infarction group at a 2:1 ratio, and 14 368 cases and 28 736 controls were included.
All statistical analyses were performed using the SAS statistical package (version 9.4 for Windows; SAS Institute Inc, Cary, NC). To consider multiple testing, a P value of <0.01 was considered statistically significant and the 99% confidence interval (CI) are reported.
Results

Detection of Interaction in the FAERS
In a case-only study using the FAERS, average age was 59.99 years (SD=12.81) in male patients with myocardial infarction and 61.23 (SD=14.01) in females. Mean chronic disease score was 0.96 (SD=0.91) in males and 0.92 (SD=0.93) in females. Distribution of oral antidiabetic drug use in myocardial infarction cases by sex is shown in Table 1 . Overall, male patients had a higher reporting rate of oral antidiabetic drug use than females. Low reporting rates in the use of pioglitazone, AGIs, meglitinides, DPP-4 inhibitors, and glucagon-like peptide-1 receptor agonists may lead to relatively unstable parameter estimates. A higher proportion of male than female patients used metformin (10.38% in males versus 7.87% in females) and sulfonylureas (6.04% in males versus 4.20% in females).
After adjusting for patient age, CDS, insulin use, and other oral antidiabetic drug use, males had a higher risk of metforminassociated (case-only OR of the multiplicative interaction=1.07 with 99% CI, 1.00-1.14) and sulfonylureas-associated (case-only OR of the multiplicative interaction=1.21 with 99% CI, 1.10-1.33) myocardial infarction than females. The sensitivity analysis, with adjustment for pharmacy-based disease categories, showed grossly consistent findings (Table 1) .
Validation Study in the NHIRD
In a nested case-control study using the NHIRD, distribution of demographic factors and chronic disease scores in cases and controls by sex are shown in Table 2 , and the distribution of current oral antidiabetic drug use is shown in Table 3 . The proportion of both males and females who used metformin, sulfonylureas, rosiglitazone, AGIs, meglitinides, and DPP-4 inhibitors was higher in cases than that in controls. The estimated crude OR between drug use and myocardial infarction from the univariate analysis for metformin and sulfonylureas was higher in males.
Results of multivariable analyses are displayed in Table 4 . Parameter estimates of a specific drug indicated the effect of the drug on myocardial infarction in females. After adjusting for CDS, insulin use, and other oral antidiabetic drug use, current use of metformin, rosiglitazone, pioglitazone, and AGIs was not associated with myocardial infarction in females. However, current use of sulfonylureas, meglitinides, and DPP-4 inhibitors was associated with a higher risk of myocardial infarction in females.
Parameter estimates of the interaction between a specific drug and sex suggested a multiplicative interaction, indicating the difference between the log-OR comparing a specific drug use with no use in males and the log-OR comparing a specific drug use to no use in females. An OR for the interaction, exp (parameter estimate of the interaction term), larger than 1 indicated that males had a higher risk of drug-associated adverse events than females. After adjusting for the CDS, insulin use, and other oral antidiabetic drug use of patients, males had a higher risk of metformin-associated (OR of the multiplicative interaction=1.14 with 99% CI, 1.03-1.26) and sulfonylureas-associated (OR of the multiplicative interaction=1.13 with 99% CI, 1.02-1.25) myocardial infarction than females. For pioglitazone use, females had a higher risk of myocardial infarction than males (OR of the multiplicative interaction=0.76 with 99% CI, 0.59-0.98). The sensitivity analysis showed grossly consistent findings with the model after adjusting for the pharmacy-based CDS (Table 4) . Males still had a higher risk of metforminassociated (OR of the multiplicative interaction=1.13 with 99% CI, 1.02-1.25) and sulfonylureas-associated (OR of the multiplicative interaction=1.12 with 99% CI, 1.00-1.24) myocardial infarction than females. Results for pioglitazone use were also consistent: Females had a higher risk of myocardial infarction than males (OR of the multiplicative interaction=0.76 with 99% CI, 0.58-0.99).
Among noninsulin users, the distribution of current oral antidiabetic drug use and the results of multivariable analyses are displayed in Tables 5 and 6 , respectively. For metformin use, males (OR=1.08 with 99% CI, 1.01-1.16) had a higher risk of developing myocardial infarction than females (OR=0.89 with 99% CI, 0.79-0.99), and this sex difference reached a statistical significance. For sulfonylureas use, it was associated with a higher risk of myocardial infarction in males (OR=1.21 with 99% CI, 1.12-1.30), but not in females (OR=1.11 with 99% CI, 0.98-1.25); however, this sex difference did not reach a statistical significance; this may be attributed to reduced power with reduced sample size, or indicate that the insulin use, a proxy for severity of diabetes mellitus, plays a role of effect modification on sex difference.
Discussion
This study integrated spontaneous reporting systems and electronic healthcare records to explore host-medication interactions. We first mined indicators for interaction between sex and oral antidiabetic drug-associated myocardial infarction in the FAERS, in which the included information was caseonly. The detected indicators, sex-metformin interactions and sex-sulfonylureas interactions, were then further validated in the NHIRD, a healthcare claims database. This study demonstrated that the case-only approach using spontaneous reporting systems is a potential tool for screening hostmedication multiplicative interactions in causing adverse events.
The case-only design has been criticized for being susceptible to bias arising from nonindependence between the 2 variables of interest in the population. No significant sex difference in the prevalence of diabetes mellitus in the United States has been reported, 27 and the associations between sex 30 Additionally, details about prevalence of each oral antidiabetic drug are lacking and need to be further studied. To date, there are no consistent data showing that sex differences exist in rate of oral antidiabetic drug use, and thus it is reasonable to assume independence between sex and medication in the US population. If the information on the OR between sex and oral antidiabetic drug use in the general population is available, it can be considered in the case-only studies (Data S2). Even if the 2 variables of interest are associated in the general population, it is possible to remove the bias arising from nonindependence using multivariable modeling. 25 To control for covariates that cause nonindependence between the 2 variables of interest, adjustment for the covariate, which represents a common cause if the 2 variables of interest interact or if an intermediate variable participates in the pathway between them, will remove the nonindependence and yield a valid estimate of interaction among cases. In this study, adjustment for covariates in multivariable modeling not only adjusted for potential confounders of main effects, but also removed the sex-medication association from the general population. In the results of the FAERS, a case-only adjusted OR significantly larger than 1 indicated that males had a higher risk of oral antidiabetic drug-associated myocardial infarction than females. In the FAERS, rosiglitazone was the most common drug among patients with myocardial infarction, and this may be linked to the fact that the US Food and Drug Administration released a boxed warning of cardiovascular safety for this drug, which increased the willingness to submit reports on the adverse events among rosiglitazone users. In recent years, use of rosiglitazone in Taiwan declined after reports that rosiglitazone was associated with an increased risk of myocardial infarction and cardiovascular-related mortality. 31 The results of the NHIRD analysis indicated that there was no elevated risk of acute myocardial infarction in patients being treated with rosiglitazone, which was consistent with the RECORD (Rosiglitazone Evaluated for Cardiovascular Outcomes and Regulation of Glycemia in Diabetes) clinical trial. 32 Consistent with a meta-analysis of randomized trials, our results showed that pioglitazone is associated with a low risk of myocardial infarction in female and male patients. 33 Among noninsulin users, metformin and sulfonylureas use were both associated with a 10% to 20% increase in risk of myocardial infarction in males, but were not harmful to females. However, other studies showed that there was no harmful effect of metformin or sulfonylureas on cardiovascular risk, but no sex difference was observed in such cases. 34, 35 There has been no long-term cardiovascular outcome data for AGIs, 14 and this retrospective cohort study based on the NHIRD indicated that AGIs increased the risk of myocardial infarction in male noninsulin users. For meglitinides, a randomized trial showed that these drugs did not increase the risk of core cardiovascular outcomes among patients with impaired glucose tolerance, 36 but this study observed that these drugs increased the risk of myocardial infarction among patients with diabetes mellitus. Additionally, meglitinides-treated patients had higher risks for myocardial infarction than patients treated with DPP-4 inhibitors as well as other oral antidiabetic drug users. 37 In this study, results showed that males have a higher risk of metformin-and sulfonylureas-associated myocardial infarction than females. One multicenter observational study showed that women had a significantly higher reduction in body weight after treatment with metformin or sulfonylurea drugs. 38 However, this study also showed that men had significantly higher hemoglobin A1c reductions after treatment with lifestyle or metformin. 38 Although the underlying mechanism for the sex-drug interaction remains unclear, the mechanism might be associated with the influence of endogenous sex hormones, such as protective effects of estrogen or harmful effects of testosterone. 39 The strengths of this study include the novelty of using case-only analyses to detect host-medication interactions that cause adverse events based on spontaneous reporting systems and validation using a nation-wide cohort assembled from healthcare databases and the adjustment for comorbidity measured as pharmacy-based chronic disease score in spontaneous reporting systems and healthcare databases. However, several limitations should be considered. First, the indicator detection study and validation study were from different countries, and ancestral heterogeneity may have impacted the pattern of association between sex, drugs, and adverse events. Second, the validity of spontaneous reporting systems could be limited. The data could be affected by selection bias, because these systems may not receive all adverse event reports that occur with a specific drug. 40 Furthermore, whether the under-reporting varies by sex as well as its impact on the case-only approach needs to be explored further. Additionally, the data could be affected by information bias because these systems may not receive all drug reports for a specific adverse event. Moreover, certain reported adverse events may not be directly caused by the drug. Third, well-known examples of sex-drug interactions in cardiovascular adverse events lack testing in the novel caseonly design; hence, we evaluated it by analyzing the cardiovascular safety of antidiabetic drugs during the validation phase. Case-only analyses should be evaluated in other scenarios. Fourth, the validation study using the NHIRD defined the use of an oral antidiabetic drug as current use at the index date and thus did not consider the influence of switching. Fifth, some potential confounding factors, such as education years, alcohol use, smoking, body weight, and exercise, were not available from the FAERS and NHIRD. The association between the drugs and myocardial infarction reported in this study should be considered with caution, because these risk factors are associated with myocardial infarction 41 and were not considered in this analysis. The roles of these factors on the associations between antidiabetic medication and myocardial infarction warrant further investigation.
Conclusions
This study indicated that the case-only approach using information from spontaneous reporting systems may be a potential tool for screening host-medication multiplicative interaction in causing adverse events. Using antidiabetic drugassociated myocardial infarction as an example, the results indicated that males have a higher risk of metformin-and sulfonylureas-associated myocardial infarction than females, which suggests that the sex-drug interaction is a key issue in diabetes mellitus treatment plan. 42 This case-only approach should be further applied to other domains of drug safety to explore host-medication interactions. The findings from these studies would provide scientific evidence for precision medicine.
